The early stages of endosperm formation and protein body initiation are described for hard red winter wheat using light and transmission electron microscopy. Two days after flowering (DAF) the endosperm was a thin layer of coenocytic cytoplasm lining the embryo sac. By 4 DAF the endosperm had cellularized and completely filled the embryo sac. Enough differentiation had occurred by 6 DAF to distinguish cells destined to become the aleurone layer, sub-aleurone region and central endosperm. Protein bodies were initiated at about 6-7 DAF and were first found near the Golgi apparatus. Wheat was ready for combine harvest at 34 DAF. Enlargement of the small protein bodies near the Golgi apparatus occurred by several mechanisms: (1) fusion with one or more of the dense Golgi vesicles or fusion with other protein bodies, (2) fusion with small electron-lucent Golgi-deri ved vesicles, (3) pinocytosis of a portion of the adjacent cytoplasm into the developing protein body and (4) fusion of large protein bodies with one another at later stages of grain development. Of the four mechanisms described, the pinocytotic vesicles and fusion of protein bodies were the most frequent and consistent processes observed. Direct connections between rough endoplasmic reticulum (RER) and protein bodies were not observed. The results suggest a role for the Golgi apparatus in the initiation of protein bodies. Also, the lack of RER derived vesicles suggests a soluble mode of secretion of storage proteins involved in the enlargement of protein bodies.
INTRODUCTION
Wheat is one of the most important cereals grown, providing more nourishment to the world's population than any other cereal. Because of its importance, wheat has been studied extensively with respect to its genetics, development, structure, composition and biochemistry. One aspect of wheat grain development, the formation of endosperm storage proteins (prolamines plus glutelins), has been studied intensively but has yielded contradictory results. Graham et al. (1962) showed that the earliest deposited endosperm storage protein was a single body enclosed by a membrane. Later during development, four or more bodies were present within the vacuole. The proteins were deposited into vacuoles from the rough endoplasmic reticulum (RER) via an unspecified mechanism called 'internal secretion'. These results were confirmed by Buttrose (1963) , who suggested that the Golgi apparatus was linked to protein deposition by acting in a condensing function. In the same journal issue, Jennings, Morton and Palk (1963) described the effect of various fixatives on protein body appearance in wheat endosperm. They concluded that the protein body occurred singly and had a tightly appressed membrane, rather than occurring in vacuoles. Later it was concluded that the protein bodies were formed within plastids called proteoplasts (Morton and Raison, 1963; Morton, Palk and Raison, 1964) . The occurrence of single and multiple protein bodies within vacuoles of early developing wheat endosperm was confirmed by Barlow, Lee and Vesk (1974) and Harvey et al. (1974) . They also described the presence of material within the vacuole which was interpreted as ribosomes, the site of the storage protein synthesis. During late stages of development, however, protein bodies formed via a different mechanism (Barlow et al., 1974) . This other mechanism involved protein secretion into the RER lumen which resulted in the double membrane being pushed apart and the ends then joining to surround a protein body with a single membrane. Barlow et al. (1974) found no evidence for protein transport from the RER and concentration into dictyosomes. Campbell, were unclear whether storage protein was synthesized in the vacuoles or was synthesized elsewhere and transported to the vacuoles. Subsequently, it was hypothesized that the protein was synthesized in the cytoplasm and transported to vacuoles either through the lumen of the RER or by a process similar to pinocytosis (Simmonds, 1978) . Recently, Briarty and co-workers conducted an extensive stereological analysis on developing wheat endosperm (Briarty, Hughes and Evers, 1979) . They concluded that the route followed by storage proteins to the vacuoles was unclear, but the Golgi apparatus was not involved because it was absent 12 days after flowering (Briarty, 1978; Briarty et al, 1979) . Campbell et al. (1981) suggested that a direct connection exists between the RER and protein bodies whereas Parker (1980) observed large amounts of membranous material associated with developing wheat protein bodies. Recently, Parker (1981) has also reported the presence of Golgi apparatus up to at least 40 days past anthesis. Bechtel and Gaines (1982) have shown that the Golgi apparatus was present during protein body formation in a variety of cereals including wheat and that dense-cored Golgi vesicles were protease digestible. In addition, Bechtel Gaines and Pomeranz (1982) have identified protein bodies by enzymatic digestion with proteases.
The purpose of this study is to present an in-depth microscopical analysis of protein body initiation and development in wheat starchy endosperm. Our studies indicated that the Golgi apparatus was involved in protein body initiation. Further, enlargement of protein bodies occurred by several mechanisms, and the role of RER appeared to be one of protein production but not transfer of protein products to vacuolar deposition sites.
MATERIALS AND METHODS

Plant material
Hard red winter wheat Triticum aestivum cv. Eagle was grown during the 1978 and 1980 growing seasons in experimental plots near Manhattan, Kansas. Caryopses were tagged at the time of flowering, 1-4, 6-8, 10, 12-14, 17, 19, 21, 24, 28, 31 , and 34 days after flowering (DAF). 
Microscopy
Caryopses were fixed in a combination of 3 per cent paraformaldehyde (PA) and 3 per cent glutaraldehyde (GA) in either 005 or 010 M phosphate buffer, pH 6-8 (Lillie, 1954) . Other fixation and buffering systems included: 3 per cent PA and 3 per cent GA in 0-10 M cacodylate buffered to pH 6-8,3 per cent PA and 3 per cent GA in 005 M PIPES (piperazine-A^jV-bis^-ethane-sulphonic acid]; Lawton and Harris, 1978) , pH 70, and a combination of 3 per cent GA and 2 per cent osmium tetroxide in 0-10 M cacodylate, pH 6-8. The best fixation for both light and electron microscopy was obtained when 3 per cent PA and 3 per cent GA in 010 M phosphate buffer was used for young stages of development (1-12 DAF), and the same fixation in 005 M phosphate buffer for older stages. Samples were fixed for 1-2 h at 21 °C and 24 h at 4 °C, washed three times in phosphate buffer for a total of 90 min and post-fixed in phosphate buffered 1 per cent osmium tetroxide for 1-2 h at 21 °C. Fixed tissue was washed three times in double distilled water, dehydrated in a graded acetone series, and infiltrated and embedded in Spurr resin (Spurr, 1969) .
RESULTS
Endosperm formation
The endosperm at 2 DAF consisted of a thin layer of coenocytic cytoplasm lining the embryo sac [ Fig. l During the next several days cell division continued only in the aleurone and sub-aleurone regions. Consequently, most of the enlargement of the caryopsis that followed 4 DAF was primarily a result of cell enlargement rather than cell division. The cytoplasm of 4 DAF endosperm, although surrounded by cell walls, still had the general appearance of its coenocytic predecessors including the Golgi apparatus producing electron-lucent vesicles. Thin layers of cytoplasm bordering the cell walls projected into the centre of the cell dividing it into irregularly-shaped vacuoles [Figs l(g) Protein body formation began about 6 DAF (see below). At 6 DAF enough differentiation had occurred to distinguish the aleurone, sub-aleurone and starchy endosperm regions. Characteristic of the aleurone layer at 6 DAF was a iarger number Below the aleurone is a layer of endosperm tissue several cells thick called the sub-aleurone region. This layer in mature cereals typically contains few starch granules but large quantities of protein. Six days after flowering the sub-aleurone of wheat was distinctly different from the aleurone. Vasuoles were larger and more irregular than aleurone vacuoles (greater than 6 /im) and contained small spherical protein granules [ Fig. 2(e) ]. Mitochondria were primarily located peripherally rather than scattered throughout the cytoplasm as in the aleurone [ Fig. 2(e) ]. The sub-aleurone also contained fewer lipid droplets than did the aleurone [ Fig. 2(e) ].
Interior to the sub-aleurone was the central, starchy endosperm. The cells of the starchy endosperm were much larger than either the aleurone or sub-aleurone regions [ Fig. 2(f) ]. Amyloplasts within the central endosperm were located peripherally and contained a single large starch granule [ Fig. 2(f) ]. The central portion of the cell at this stage was occupied by a large vacuole surrounded by numerous small ones. Within the vacuoles were small protein granules [ Fig. 3(a) ].
Sub-aleurone and starchy endosperm growth after 6 DAF proceeded via cell enlargement, development of starch granules and deposition of protein. Aleurone differentiation proceeded with further development of aleurone grains, increased numbers of lipid bodies, and the de-differentiation of amyloplasts back to proplastids (data not shown). The caryopsis was considered mature (combine ripe) at about 34 DAF when moisture content reached about 14 per cent and the wheat was harvested.
Golgi apparatus
The Golgi apparatus was present in endosperm cells from 2 DAF through to 28 DAF. Prior to protein body formation the dictyosomes produced only electron-lucent vesicles [ Fig. 3(b) ]. Throughout protein body initiation and formation the Golgi apparatus produced electron-opaque vesicles [ Fig. 3(c) ]. The Golgi apparatus was very complex and associated with RER and polysomes [ Fig. 3 Fig. 3(d) ]. The vesicles with star-shaped inclusions appeared to be involved only in cell wall elaboration. They were associated with the plasmalemma [ Fig. 3(e) ] and subsequently fused with this membrane [ Fig. 3(f) ], with the vesicle contents finally being incorporated into the cell wall [ Fig. 3(g) ].
Protein body initiation
Protein bodies were initiated about 6-7 DAF. Because of the complexity by which storage protein is secreted in wheat, several clarifying definitions are required. For this report, a protein body is by definition a discrete mass (granule) of storage protein surrounded by a single trilaminar membrane. Therefore, a protein body may have a single granule [ Fig. 4(b) ] or multiple granules [ Fig. 4(a) ]. Protein bodies were first found scattered in the cytoplasm and in vacuoles of cells throughout the endosperm [Fig. 4(a) ]. Cells from the central endosperm regions initiated protein bodies first followed by cells toward the aleurone layer. Protein bodies first observed in the cytoplasm were found near the Golgi apparatus [ Fig. 4(b) ]. These protein bodies were about 0-25-0-75 /iva in diameter and were surrounded by a unit membrane [ Fig. 4(b) ]. The protein body membrane was tightly appressed to the protein early in formation, but as development progressed and as protein bodies increased in size the membrane became separated and vacuole-like [ Fig. 4(b) ]. RER was closely associated with the Golgi apparatus, but was never observed to contain electron-opaque material during early stages of development (through 21 DAF). In addition, we never observed RER to be connected directly to protein bodies nor could we implicate fusion of RER derived vesicles with protein bodies in over 1000 micrographs representing 165 blocks of tissue of six different wheat cultivars grown and fixed under different conditions. While some micrographs seemed to show a connection between protein body and RER, serial sections revealed that the RER cisternae were merely bending away from the protein body [ Fig. 4(cHe) ].
Enlargement of the small protein bodies found near the Golgi apparatus occurred via several mechanisms. (1) The small protein bodies fused with one or more of the dense Golgi vesicles or with other already formed protein bodies. Fusion of the dense Golgi vesicles with each other was apparently a minor component in protein body enlarger jnt, because it was observed very infrequently. Dense Golgi vesicles were observed fusing with already partially enlarged protein bodies although this was also infrequently observed [ Fig. 4(f) ]. (2) Fusion of small protein bodies with small electron-lucent Golgi-derived vesicles was also seldom observed [ Fig. 4(g) ]. (3) One phenomenon that was observed consistently and frequently throughout protein body development was a form of intracellular pinocytosis. This process involved invagination of the protein body membrane into a vacuole along with a small portion of cytoplasm just exterior to the protein body [ Fig. 4 (h)-(j)]. The pinocytotic vesicles then pinched off and became incorporated into the protein granule [ Fig. 4(h)-(j) ]. (4) The fourth mechanism of enlargement becoming prominent later in development involved fusion of the membrane of two or more protein bodies with subsequent fusion of their protein granules to form a large protein mass which eventually became the protein matrix (Bechtel et al., 1982) .
DISCUSSION
Formation of protein bodies in wheat is a much more complex process than that described for rice (Bechtel and Juliano, 1980) and maize (Khoo and Wolf, 1970) . Much of this complexity may be due to the fact that bread wheat (T. aestivum) is a hexaploid. Developmental studies have not yet been conducted extensively on diploid and tetraploid wheats and wheat progenitors. One study on developing tetraploid T. dicoccoides endosperm, however, shows that the Golgi apparatus is involved in storage protein transport from the RER to the vacuoles during early endosperm development (Parker, 1982) . The results of this study indicated that the Golgi apparatus began to secrete electron-opaque vesicles at the time of protein body initiation. Previously, we have shown ' for wheat and other cereals that the Golgi vesicles contents are protease digestible (Bechtel and Gaines, 1982) . In addition, we have shown that the protein granules are protease digestible (Bechtel et al., 1982) . We have been able to demonstrate the presence of Golgi apparatus in wheat starchy endosperm until 28 DAF (in which 34 DAF is maturity, the harvest date). Similar results were also obtained in rice (Bechtel and Juliano, 1980) . In contrast, Briarty et al. (1979) claim that the volume of smooth endoplasmic reticulum (SER) decreases steadily throughout wheat endosperm development and that both SER and Golgi apparatus are absent after 12 DAF (of a 52 DAF maturation period). We have also extensively studied five other hard red winter wheats grown on outdoor plots over several growing seasons and in each case the Golgi apparatus was prominent and secreted dense vesicles throughout protein body formation.
The amount of protein that the Golgi apparatus 'processes' is unknown. Of the total amount of protein that accumulates in the starchy endosperm, the Golgi apparatus probably processes a very small but critical amount (see Rothman, 1981 for review) . In other cereals the RER is not only a site of protein synthesis, but also a site of accumulation (Burr and Burr, 1976; Cameron-Mills, Ingversen and Brandt, 1978; Cameron-Mills and Ingversen, 1978; Larkins and Hurkman, 1978; Larkins, Pearlmutter and Hurkman, 1979; Bechtel and Juliano, 1980) . We found in wheat, however, that the RER did not accumulate enough protein to become opaque under the tranmission electron microscope (TEM) until late in development (after 28 DAF). Since the RER is a site of storage protein synthesis, one would expect to observe protein bodies formed in the RER first, as is the case for rice (Bechtel and Juliano, 1980) . Our serial thin sections showed that apparent connections between the RER and protein bodies in wheat (Campbell et al., 1981) were merely close associations resulting from the plane of section [ Fig. 4(c)-(e) ]. In addition, we made numerous attempts to locate protein bodies in the RER but were unable to observe them in any of the six hard red winter wheats examined thus far. Consequently, we suggest that the Golgi apparatus in wheat may function as a concentration organelle to establish proteinaceous foci for further accumulation of proteins.
A question that remains unanswered is, how are the proteins that are synthesized in the RER transported to the protein body? One possible route described by Chen and Jones (1974) for aleurone cells of germinating barley caryopses involves a ' soluble mode of secretion' (Chrispeels, 1976) in which synthesized proteins are released from the RER and diffuse through the cytoplasm to the site of secretion without the participation of membrane-bound vesicles. However, interpretation of the results of this work has been disputed (see Chrispeels, 1976 for a review). The most likely route to transfer RER synthesized proteins to the site of secretion is a vesicular system. Such a system is suggested for secretion of hydrolases into protein bodies of mung bean cotyledons during germination (Van der Wilden, Gilkes and Chrispeels, 1980) . Ultrastructural studies, however, fail to demonstrate presence of RER derived vesicles in secreting systems (Pyliotis et al., 1979; Craig, Goodchild and Hardham, 1979) . The discovery, using high voltage TEM, that two types of ER (tubular and cisternal) are interconnected and that neither type produces vesicles, sheds further doubt on the role of vesicles in the transport of RER proteins to the secretion site (Harris, 1979; Harris and Chrispeels, 1980) . We attempted to locate RER derived vesicles in wheat endosperm, but could find no indication of any. Using reconstructions of serial thin sections (not shown) we also observed highly interconnected tubular and cisternal ER without any vesicular associations.
What mechanism is involved in protein transport? Harris (1979) suggested a pathway for developing Viciafaba seeds that involved transport of synthesized proteins from rough cisternal ER to tubular ER to the Golgi apparatus. In wheat, this process appears to function as only an initiation role for protein bodies for several reasons. If the Golgi apparatus was the sole or even the major source of protein concentration, one would expect to find numerous Golgi vesicles fusing with one another and with partially enlarged protein bodies to form the larger observed structure. We observed this process only rarely. Only one process, involving small pinocytotic invaginations of cytoplasm into the protein body, was observed consistently during enlargement of Golgi vesicles into protein bodies. Internal pinocytosis, if a real mechanism, would suggest a type of soluble secretion. This is all the more significant in that both free and bound ribosomes in wheat endosperm are capable of synthesizing a similar range of storage proteins in vitro (Greene, 1981) . Pinocytosis, apparently, is a common process during early seedling growth (Buvat and Robert, 1979; Van der Wilden et al., 1980) . Barley seedling root meristems have been shown to form multivesicular bodies that sequester acid phosphatase during germination (Buvat and Robert, 1979) . They hypothesized that the Golgi vesicles form the multivesicular body by being able to enter the multivesicular body by some unknown mechanism. Interestingly, their micrographs (figs 4,7,12,19) show clearly small pinocytotic vesicles which have a striking similarity to the ones in our enlarging protein bodies.
The results from this study suggest that the majority of protein is deposited via a soluble mode of secretion rather than a vesicular type, but that protein body initials are formed from dense-cored Golgi vesicles. The mechanism(s) by which storage proteins in wheat endosperm are transferred from their site(s) of synthesis to the protein bodies is still not completely clear. Biochemical and cell fractionation experiments should elucidate these mechanisms more fully.
